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ITERATIVE DESIGN OF THE AEROSHIP THROUGH FLIGHT TESTING
Michael R. Schulte, M.S.E.
Western Michigan University, 2008
This research covers the design, construction, and testing of a hybrid flight
platform called the Aeroship. The Aeroship is a combination of current aerodyne and
aerostat technology that have been merged at an optimal ratio. In order to create an
efficient design, flight testing was employed as a catalyst for design changes. The final
design was then flight tested for performance validation using videogrammetry.
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CHAPTER 1
INTRODUCTION
Currently there exist two main categories of air vehicles: aerostats and aerodynes.
Aerodynes include air vehicles that require motion to create lift. Two common examples
of aerodynes are airplanes (Raymer 1999) and helicopters (Stepniewski and Keys 1984).
Aerostat is the other main category. Aerostats include air vehicles that do not require
motion for lift. Some examples of aerostats are blimps (Khoury and Gillet 1999) and hot
air balloons. This research attempts to combine attributes of the aerostat with the
aerodyne. The design incorporates lift from an aerostat component coupled with the lift
of an aerodyne component to produce the required lift for flight.
Traditionally, aerostats are associated with large drag because the buoyancy
comes from large gas envelopes. The aerostat is however, very efficient at lifting
because no energy has to be exerted to maintain lift. Energy need only be exerted to
move the load. Aerodynes, on the other hand, are traditionally associated with lower
drag coefficients because they are inherently designed to travel at speed. When moving
at higher rates of speed they do not create the same magnitude of drag that a comparable
aerostat would at the same speed. The disadvantage of this is that the aerodyne must
always maintain some airspeed to maintain its lift.
By integrating the aerostat with the aerodyne, it is hypothesized that some of the
advantages of both can be capitalized upon. The proposed design plans to take advantage
of the lower drag characteristics of the aerodyne combined with the low speed lift
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efficiency of the aerostat. The Aeroship concept and numerical performance analysis
have been provided by Dr. Liu and Dr. Liou from Western Michigan University. It has
been found that the optimum mix of aerostat and aerodyne for achieving maximum lift to
drag ratio is 60% aerostatic lift with 40% aerodynamic lift (Liu and Liou 2006). The idea
is that at this design point, the drag created by adding the "blimp" portion is low enough
that a higher speed can be achieved without the drag normally associated with aerostats.
The extra speed can then be used to create aerodynamic lift. In this way, a new platform
that is faster than a normal aerostat, but more efficient than a comparable aerodyne is
created.

1.1 Basic Theory
The Aeroship concept is the idea of mixing traditional wing type lift with the
buoyancy force from a lifting gas, such as helium. The Aeroship design should not be
confused with an airship, which is a pure aerostat. The Aeroship concept attempts to find
the most efficient mixing point of aerostat and aerodyne properties. In this way, a new
type of airframe is made.
Currently, if one looks at the relationship between amount of payload carried and
efficiency of the craft, there exists a large gap between sea-faring ships, airships and
airplanes. Sea-faring ships and airships can carry large payloads and travel efficiently
across great distances, but their top speed is low. On the other hand, there exist airplanes
which can carry payloads at greater speeds than airships and sea-faring ships, but they do
2

so at the cost of fuel efficiency. The area in between planes and ships is wide open for
new designs. The Aeroship design is hypothesized to fall in this area. It will be faster
and more maneuverable than the average airship, yet more efficient than most airplanes.
This gives the Aeroship a unique ability to fill a void that no other craft can fulfill.
1.1.1 Numerical Analysis of the Aeroship
Numerical analysis of the Aeroship was conducted by Dr. Liu and Dr. Liou at
Western Michigan University (Liu and Liou 2006). They numerically analyzed the
Aeroship design and compared it to standard airplane numerical analysis. The following
sections are based on their work as it pertains to this research. It is included for
completeness.
1.1.2 Optimum Lift to Drag
Research was conducted by Dr. Liu and Dr. Liou at Western Michigan University
to find out the optimal amount of lift from both buoyancy and aerodynamic forces. This
optimal point was found by optimizing the lift-to-drag ratio as it pertains to the Aeroship.
The derivation of the optimal point starts with the general lift-to-drag ratio equation
shown in equation (1).
cl
Cv

L
D

Cv,o

+

cl
K(Cl - RFClship ) 2

(1)
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The term ( Cl - R p Clship) arises because the induced drag is assumed to be from the
wing only, and Cl represents a combination coefficient of lift from gas envelop lift and
wing lift. To find the maximum ratio, the above equation is differentiated with respect to
Cl and the result set to zero. This results in
(2)
Substituting (2) into (1) leads to equation (3).
L
D

(3)

C0 , 0 /K + R}Cl ship.

j

Cv ,o + K ( Co 'o/K +

2

2

R FcL S hlp
.

- Rp ClSh.lp )

2

An alternate form of equation (3) is equation (4),
1
(L/D)max = K- f(Rp Clsh.ip, Cv ,olK)

(4)

where.f{x,p) is

f(x,p) = Jp + x 2 /(p + (Jp - x 2

-

(5)

x) 2 .

Equation (5) has a maximum in x E [O, /p]. For a set Cv ,o/K, the lift-to-drag equation
can be maximized by differentiating equation (4) with respect to R p Clship. A closed-form
solution cannot be attained, so the optimal value of R F ClSh.Lp was formed using numerical
calculations, and is show in equation (6).
(6)
Substitution of (6) into (3) leads to equation (7).

.J

(7)

(L/D)max = 1.241/ Cv ,oK
Similarly, substituting (6) into (2) results in equation (8).
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(8)

CL = l.257.JCv ,o/K
Substituting (8) into W = L = pU 2 Swing CL /2 gives an expression for velocity at
(L/D)max

U(L/D)max

= 0.891 (�

p

jt )
D,O

W
Swing

1/2

(9)

Finally, substituting (9) into (6) gives an optimal ratio between the buoyancy force and
the weight of the Aeroship given in equation ( 10).
(10)

0.6041

Equation (10) prescribes the optimal point for the sizing of the aerostatic portion
of the Aeroship; 60% of the total lift should come from the gas envelope. This
information was used in the research to design and build the Aeroship.
1.1.3 Power Required for Level Flight
The equation for power required during steady flight for the Aeroship is:
(11)

Note that equation (11) is the same form as the power required for an aircraft. Therefore:
(12)
Then, the minimum power required is when the aircraft is flying such that

cf 2

/ Cv

is a

maximum value. Knowing
c3;2
L

Cv

(13)

c3;2
L
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and differentiating (13) with respect to CL , and then setting the result equal to zero, finds
/2
a relationship for (C'j /Co )max given in equation (14).
(14)
Solving (14) for CL gives:
(15)
Substituting equation (15) into (13) and then using equation (11), gives the minimum
2
power required. Since it is not easy to see directly whether c'j/ / C0 will be higher (thus

requiring less power) than a standard airplane, evaluation of each case is needed to
compare.
For an airplane in level flight W = L = pU 2 Swing /2. Using equation (15), the
equation for the cruising velocity is:
(16)

where RF= gVship /(U 2 Swing /2). Therfore, an iteration scheme is needed to find
U ccfl2 /c ) max. This value for U ccfl2 /c )max was substituted into equation (15) and then
v
v
equation (11) to evaluate the minimum power required. The effect of the buoyancy force
from the aerostatic portion of the Aeroship on the cruising velocity is clearly seen in
equation (16). The additional lift and drag from the gas envelope leads to a lower
cruising velocity compared to the corresponding aircraft with the same wing and total
weight.
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1.1.4 Climb Flight Analysis
The equations of motion for climb of the Aeroship are:

=0

T - (Dship + Dwing) - Wsin0 + Lshipsin0

(17)

and
T - (Ds hip + Dwing) - Wsin(0) + Lship sin0

(18)

=0

where 0 is the climb angle. The rate of climb equation is:
ROC = Usin0 =

[T - (Ds h i·p + Dwmg
· )] U

�w

(19)

.

Expressing the drag as the sum of the wing and ship components results in:

_( 2
D_
- Dship + Dwing - pU Swing /2) Co,o +

rate of climb equation is:
ROC

= Usme = U

(20)

= �Wcose is the expression for lift. Then the

To achieve a climb angle 8 then Lwing

.

2KSwing Lwing
( . )
-5- ·
P uz
w mg

[( r

pU 2
-_- -Co,o
2
Swmg

) ( �w )-

1

-.
Swmg

-

)]

2Kcos2 e �w
.
(-2
pU
Swmg

•

(21)

From this, it can be seen that the ROC increases as the relative wing loading decreases.
The thrust available is TA

= npr P /U, where npr

is the propeller efficiency. This term is

considered constant. Then the equation for climb angle is:
.
sme

n rP

pU 2

p
= (------C
o,o
U
2

Swing

)(

�W
)-l - 2Kcos2 0 (-)•
2

�W
-Swing

pU

7

Swing

(22)

This nonlinear equation for climb angle is solved using an iterative scheme.
Approximating cos0

= 1 for small climb angles and differentiating equation (22) with

respect to U, and then setting the result equal to zero, the following is obtained:
4

u

2

npr P

(23)

L1 W
+----u- 24K (-) =O.
pCo,oSwing
P Co,o Swing

Assuming the last two terms are dominant leads to an approximation for max climb
angle:

uBmax

4K
( L1W )
-------

2

(24)

- pnpr (P /Swing ) Sw ng
i

Assuming the power available for a propeller-driven Aeroship can be treated as a
constant, it follows that the cruising velocity from equation (16) is approximately equal to
velocity for maximum climb rate,
U(ROC)max

~
~

(25)

U (CL3/2/Co)max '

The maximum rate of climb, ROCmax , can be found by substituting equation (25) into
equation (21). Then, the climb angle at ROCmax can be found using sin0

=

(ROC) max /U(ROC)max . Since buoyancy force reduces the relative wing loading on an
Aeroship as compared to an airplane, the rate of climb and climb angle are higher, even
though the velocity will be lower.
1.1.5 Level Turn Analysis
The equations of motion for a level turn are:
Lwing COS({) + Lship

=W

(26)

and

8

(27)
where cp is the bank angle and R is the radius of the turn. The bank angle is:
(28)
where nr

= L wing /LlW is the effective load factor. From equation (27) the tum radius

can be expressed as:

2q
R-------;::==------;===
- g(LlW/W) ✓n; - 1 - pg(LlW /W) ✓n; - 1'
U2

1

00

(29)

and the angular velocity is then:

u = ------g(LlW/w) ✓n; - 1
w =R

(30)

U

where q 00 is the dynamic pressure. During a level tum the drag is balanced by the thrust
g1vmg:
T

_

-

D

_ (
pU 2 Swing

-

/2) CD,O

2KSwing (nr llW )
+
Sw m
. g
P U2

Solving the above for nr , we have
nr

p

[

u 2 /2

(r

pU

2

c

= K(LlW /S
wing ) LlW - 2LlW/S::g

)] 1

2
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(31)

(32)

Differentiating (29) with respect to q00 and then setting the result equal to zero results in:
(33)
Substitution of (32) into equation (33) yields an expression for the velocity at the
minimum tum radius

URmin

=

J-

(34)

4K(LlW /Swing )
p(T /LlW) .

At the minimum turn radius, it is known:
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(35)

4KCDo
2 - (T /W)z·
Then the minimum tum radius is:

(36)

4K(L1W /Sw ing)

pg(T /W).Jl - 4KCD,ol(T I l1W) 2

From equation (34) and (36), it can be seen that both the velocity and tum radius of the
minimum tum are smaller for the Aeroship as compared to an airplane with the same
thrust and weight. This is because the effective wing loading of the Aeroship is smaller.

1.2 Aeroship Component Decomposition
To better understand the Aeroship concept, it can be decomposed into a few key
components. These components are then analyzed individually to understand their
significance in the performance of the Aeroship. The first and most prominent
component is the gas envelope. This is the portion of the Aeroship that resembles a
conventional blimp. This component provides buoyancy to the system. The benefit of
using a buoyant gas is that none of the propulsive energy is used to create the lift. The
lift created by the buoyant gas is always present and is not variable with airspeed. The
buoyancy can also be used as a passive stabilizing system. The buoyancy force coupled
with the mass of the craft located below this point creates a pendulum-like effect that
tends to stabilize itself. In this way, the Aeroship will seek to level itself automatically,
and will do so without any airspeed required.
The next lifting component is the wing. The wing provides aerodynamic lift to
the system. As the gas envelope does not provide enough force to lift the Aeroship on its
10

own, the wing must make up the difference. The key difference between a wing and a
gas envelope is that the wing needs airspeed to provide the lift. With airspeed the
combination of the buoyancy and aerodynamic lift is enough to provide positive vertical
acceleration, also referred to as takeoff. To provide higher lift at lower speed, the wings
employ flaps. The flaps increase the camber of the wing, and are used when more lift is
required. The wing also contains ailerons that help to roll the craft.
The next major component is the tail of the craft.

The purpose of the tail is to

provide yaw and pitch stabilization for the Aeroship. The tail also contains a rudder and
an elevator, which provide yaw and pitch control, respectively. The tail on the Aeroship
is a standard tail. This means it has a low horizontal tail and a vertical tail extending
above.
The final main component in the Aeroship design is the propulsion unit. For this
design an electric motor with a propeller has been utilized. For larger Aeroships, any
thrust component from propeller to rocket could be utilized. The convenience of small,
reliable, and easily controlled electric motors dictated their use for this study.

1.3 Advantages of the Aeroship Concept
The Aeroship will offer many advantages in the world of flight. As compared to a
standard airship (blimp or dirigible), it will fly faster and be more maneuverable. This
would mean that cargo and/or passengers could reach their destination much more
quickly than they would in a normal aerostat. As compared to an airplane, the Aeroship
11

should be able to carry more cargo and be more efficient because much of the lift is
coming from buoyant gas and not from fuel energy.
Other smaller scale applications also exist. In the area of personal flight, the
Aeroship offers a much safer platform than ultra-light airplanes or other small planes.
The safety comes from the fact that the Aeroship can takeoff and land slower than
standard planes without the need for standard runways. The areas of takeoff and landing
offer a majority of the instances where accidents occur. During cruise, if the Aeroship
engine stalls, the large gas envelope begins to act like a parachute as the Aeroship
descends. By correctly designing the size and shape of the lifting gas envelope, the
maximum speed of descent in a power-off situation can be kept low enough that the craft
and passengers sustain little damage in emergency landings.
Still other possibilities exist for high altitude flight. Since the Aeroship relies on
both buoyancy and aerodynamic lift, it will have unique abilities to fly in thin
atmospheres. Once again, as compared to airplanes, the Aeroship will be more efficient
and slower. Additionally as compared to aerostats the Aeroship will have more speed to
relocate, if needed, than an aerostat. In the high altitude case where a common mission
might be data transmission in a pseudo satellite function, slow speed and high efficiency
would be perfect for long loitering time. The same principles would apply to thin
atmospheres on other planets, where the ability to fly slower than an aerodyne would
mean the Aeroship would be able to land and recharge to do many missions.
The Aeroship design is also predicted to have a higher maximum lift to drag ratio
than similarly sized aerodynes. This arises because large amounts of lift can be achieved
12

at low speeds. Therefore, the lower speeds dictate that smaller drag forces are created.
The lower speeds can be directly contributed to the addition of the gas envelope, because
it lowers the wing-loading.

1.4 Disadvantage of the Aeroship Concept
The main disadvantage of the Aeroship design is its slow speed. This affects the
ability to control the ship using aerodynamic forces. Control surface size must be
increased to compensate for the loss of effectiveness from low speed. Alternatives to
standard aerodynamic control include thrust vectoring or placing control surfaces in
propeller or jet wash.
Other issues with the Aeroship design arise from the interaction of the gas
envelope with the rest of the body. If the envelope is too close to the wing, there may be
detrimental effects to the lift created by the wing. The gas envelope also must be placed
very carefully to minimize the chance for instability in both the pitch and yaw directions.
Although the gas envelope causes a great deal of roll stability, it is so stable that it is
difficult roll the craft at all. This makes standard aerodyne control schemes challenging
to implement.
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CHAPTER2

DESIGN AND TESTING OF THE MODEL
The design of the Aeroship was done in stages. Flight testing of each stage
helped to verify the design and also find weak areas of the design. Three very distinct
design phases arose from this approach. The main driving force for change between each
stage was the pursuit of an easily controlled Aeroship design.

2.1 Phase One Design
The design of the first Aeroship model was based on the designer's previous
modeling experience and the numerical analysis discussed earlier. Several components
of the design were immediately decided to be held relatively constant. By holding some
components constant, it allowed for a more straight-forward analysis when changes were
made to the design. It was decided to keep the aerodyne aspects of the craft standard. It
would be propeller driven, have high wing, and standard tail design. By doing this, it was
assumed that the effects of the aerodyne and aerostat portions could be better understood.
It was theorized that if the aerodyne's aerodynamic properties could be easily predicted,
then the overall aerodynamic properties of the entire Aeroship, when compared to the
base aerodyne properties, would reveal the aerostat's contributions to the system.
The wing cross section was set to be a NACA 4312. This wing section was
chosen because it satisfied general lift, drag, and moment requirements for the system.
14

The wing section is relatively flat bottomed and makes construction of the wing less
complicated. The program XFoil (Drela 1989) was used to generate the ordinates used to
print out templates for the wing sections. Figure I shows the data points generated in
XFoil; 570 individual data points were used to generate the section. Sections for the tail
were chosen to be flat plates for ease of construction and weight savings. Figure 2 shows
the lift curve that was found with XFoil. Figure 3 shows a coefficient of pressure (Cp)
°

plot with a profile plot for the NACA 4312 airfoil at 0 angle of attack.
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All structural components in the Phase One design were constructed using balsa
ribs and spars covered with thin plastic (MonoKote® ). By using white plastic, it was then
easy to affix high contrast black dots to make videogrametric measurements easier.
Figure 4 shows a picture of the aerodyne portion of the Phase One Aeroship.
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Figure 4. Phase One Aeroship Frame

An electric motor was chosen as the power source for the Aeroship. The motor
chosen for this project was a JustGoFly model 450TH, which is capable of producing up
to 300 watts of power. To keep the motor cool and within safety limits, the motor was
only run at 200 watts. The motor also allowed for two different drives, direct and geared.
A propeller of up to six inches could be used in direct drive configuration, and up to a
twelve inch propeller with geared drive. The direct drive option was chosen for the Phase
One design because it is slightly lighter and can produce approximately 40 oz. of thrust.
The motor, along with the battery and speed controller can be seen in Figure 5. Table I
outlines the specifications for the motor. A three cell lithium polymer battery pack was
chosen for the power supply. Lithium polymer batteries have higher energy density than
other commercial batteries, especially nickel-metal hydride and nickel-cadmium
batteries.
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Figure 5. Aeroship Propulsion Unit

Table 1. Motor Specifications

Make
Model
KV (V/RPM)
Poles
Voltage (V)
Gearing

JustGoFly
450TH
3000
6
10
1:I

3.89: I

To facilitate an expeditious design process, a program was created that
incorporated the key components of the Aeroship design. The program takes parameters
of the Aeroship such as lift of the gas envelope, size and lift coefficient of the wing,
projected drag coefficient of the gas envelope, total weight of the craft, and motor power
19

as inputs. The program then calculates the stall speed, takeoff distance and power
required for level flight based on the research of Liu and Liou (2006). This program was
utilized through several iterations to find an initial feasible design. The criteria that were
most important were takeoff distance and stall speed. It was a goal to have the stall speed
low enough to fly safely indoors to facilitate testing. The takeoff distance also needed to
be short enough for indoor takeoff.
The iterations from the program led to an initial design that utilized a five foot
wing span with a chord of eight inches, 33 oz. of net lift from the gas envelope, and a
weight of 55 oz. (without buoyancy factored in). This gave approximate values for stall
speed and takeoff distance as 14.7 ft/s and 3.6 ft., respectively. An Aeroship was then
built around these parameters. Table 2 shows the main design parameters of the first
Aeroship. It should be noted that the lift of the gas envelope is the actual lift, which is
quite obviously too low to lift 60% of the total weight of the craft. This error was
discovered and rectified in Phase Two.
With the gas envelope commercially available, a suitable airframe was built to
accompany it. The initial design for the airframe was very similar in appearance to a
conventional airplane. For the first attempt, the airframe was designed with the use of
some tabulated values. The two tail coefficients that directly influence the stability of an
aircraft are the horizontal and vertical tail volume. These are unitless coefficients that
represent the area of the tail and its effective moment arm. The vertical tail volume
coefficient was taken as 0.044 and the horizontal was taken as 0.822. These values were
near the highest suggested values in Raymer's aircraft design book (Raymer 1999).
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Space limitations hindered making these values any larger. Ailerons, elevators and the
rudder were also sized from historical data (Raymer 1999); all control surfaces were
sized to be large, as compared to conventional aircraft.
Table 2. Phase One Aeroship Specifications
Gas Envelope
Volume (ft5)
Gross Lift (oz)
Weight of Envelope (oz)
Wing Parameters
Wing Section
Span (in)
Chord (in)
Reference Area (in2)
Aspect Ratio
Vertical Tail Parameters
Section
Area (in2)
Rudder area (in2)
Vertical tail volume
Horizontal Tail Parameters
Section
Area (in2)
Elevator area (inL)
Horizontal tail volume
Weight of Aerodyne Portion (oz)

22
22.4
9.6
NACA 4312
60
8
480
7.5
flat plate
79.2
25
0.044
flat plate
181.5
44
0.822
46.4

Flight testing was conducted on the Phase One design to determine its flight
worthiness. It was quickly discovered that the design lacked enough thrust to keep it
airborne. One other characteristic that was found in the first flight attempt was a yaw
instability associated with the gas envelope. When the Aeroship began to yaw, the lack
of airspeed caused the tail to be unable to create enough force to correct it, and the
°

Aeroship would yaw 180 and fall to the ground. Experimentation during testing showed
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that turning the gas envelope around so that the pointed side faced into the free stream
helped to lessen this problem. Even with the envelope reversed, enough stability to fly
controllably could not be achieved. Figure 6 shows the Phase One Aeroship Design, with
the gas envelope turned in the direction that was initially found to be unstable.

Figure 6. Aeroship Phase One Design

2.2 Phase Two Design
The first airframe was abandoned because initial test flights showed it did not
have enough rudder or elevator authority to maneuver the craft. This is valuable
infonnation because it shows that standard aerodyne tail calculations cannot be solely
relied upon to design Aeroship tails. This means that the tail must be sized on the highest
end, or higher than conventional charts.

22

A new airframe was designed to compensate for the tail control issues. The new
craft was designed with a fully movable tail section. The tail was held in place using a
clamping system that secured it to a fiberglass rod. This system would enable the tail
volume to be changed by either moving the tail forward or backward. This afforded the
new design with the ability to achieve 255% more horizontal tail volume and 230% more
vertical tail volume than the previous design. Other notable features in the second design
were the implementation of stabilators, a fully actuated vertical stabilizer, and a wing that
was able to move forward or aft easily in between test flights. All of these design
additions made the second airframe very customizable, and ensured it would have enough
control authority even at low speed.
The first test of this new airframe showed a design flaw in the gas envelope; it had
been undersized. Since the envelope was too small, the amount of lift from the helium
was only 30% of the total weight, not the required 60%. A new envelope was procured
and the new envelope provided enough lift to reach 70% of the lift from helium. This
allowed for the ability of using ballast to reach the 60% optimum lift from helium point.
The first test with the new envelope was conducted without any ballast, under the
assumption it would be easier to fly. The testing showed that the craft could fly (from a
hand launch) with 70% lift from helium and 30% from aerodynamic lift.
The test also showed that the thrust was barely enough to keep the craft in the air.
When conducting a rudder only (un-coordinated) tum, the craft would spin in the yaw
direction and fall to the ground. Only small deviations could be made with the rudder
because once a small yaw angle was achieved the craft would became unstable. This
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instability was less than Phase One, but even with the gas envelope reversed, there were
still some yaw problems. When ailerons were implemented in an attempt to make
coordinated turns, the craft was more controllable. It was also found with the new gas
envelope and body design, that turning the envelope back to the original configuration so
that the blunt end was forward, resulted in a more stable craft.
To compensate for the lack of thrust, a gearbox was added to the motor to make it
able to run a 12-8 (twelve inch diameter with eight degree pitch) propeller instead of the
direct driven 5.25-4.75 propeller. Commercially available software, MotoCalc™,
predicted that the 12-8 propeller was one of the best choices of propeller to achieve
maximum efficiency with the available gearbox. The 12-8 propeller was also able to
provide more than 65 oz., of thrust whereas the smaller 5.25-4.75 direct drive propeller
was predicted to make just over 40 oz. of thrust. The extra thrust made takeoff from the
ground achievable indoors, and also made flight much easier to maintain. Figure 7 shows
the Phase Two design and Table 3 shows tabulated parameters of the Phase Two design.
It should be noted that the figure shows the 5.25-4.75 propeller and the gas envelope is
also reversed from the final configuration of Phase Two. Nevertheless, the main changes
from Phase One, the change of fuselage, different tail and larger gas envelope are all
apparent.
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Figure 7. Phase Two Aeroship Design

Table 3. Phase Two Aeroship Specifications
Gas Envelope
Volume (fr')
Gross Lift (oz)
Weight of envelope (oz)
Wing Parameters
Wing Section
Span (in)
Chord (in)
Reference Area (in2 )
Aspect Ratio
Vertical Tail Parameters
Section
Area (in2 )
Rudder area (in2 )
Vertical tail volume
Horizontal Tail Parameters
Section
Area (in2 )
Elevator area (in2 )
Horizontal tail volume
Weight of Aerodyne Portion (oz)
25

38
41
16.94
NACA 4312
60
8
480
7.5
flat plate
82
82
0.06
flat plate
240
240
1.38
46.4

2.3 Phase Three Design
The difference between the Phase Two and Phase Three design is the addition of
three fins to the gas envelope. Testing on the Phase Two design showed that there was
insufficient yaw stability to keep the Aeroship in flight for any appreciable length of
time. It was hypothesized that with the addition of fins to the gas envelope that there
would be enough stability to keep the Aersohip from yawing uncontrollably. Other than
the fins, the design remained unchanged.
RealFlight G4, version 4.00.031, made by Great Planes was used for initial sizing
of the fins. RealFlight G4 is commercially available flight simulation software that
allows for customizable simulated airframes. RealFlight G4 was programmed to
qualitatively simulate the Phase Two design. This was done by placing all the virtual
components accurately with respect to the actual model. Next, the aerodynamic
properties of the gas envelope were modified until the program qualitatively reflected the
dynamics of the Phase Two design. The program seemed to over-estimate the drag
created by the gas envelope, creating a large pitching moment. Therefore, the simulated
drag coefficient was reduced until handling was similar to that of the actual Aeroship.
From this point, fins were added to the simulation. The virtual fins were first made quite
large, and then incrementally shrunk in size until the simulated stability and control were
acceptable. The fin size decided upon was 18 in. at the root, tapered to 12 in. at the tip,
°

with a 13 in. span. The leading edge was swept at an angle of 25 . Three fins were
constructed and were installed on the left, right, and top sides at the rear of the gas
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envelope. The fins, in combination with the rudder from the aerodyne portion, mimic the
look and function of a cruciform tail on the gas envelope. Figure 8 shows the Phase
Three design and Table 4 contains the design parameters.

Figure 8. Aeroship Phase Three Design
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Table 4. Phase Three Aeroship Specifications
Gas Envelope
Volume (ft3)
Gross Lift (oz)
Weight of envelope (oz)
Horizontal Fin Area (in2)
Vertical Fin Area (in2)
Wing Parameters
Wing Section
Span (in)
Chord (in)
Reference Area (in2)
Aspect Ratio
Vertical Tail Parameters
Section
Area (in2)
Rudder area (in2)
Vertical tail volume
Horizontal Tail Parameters
Section
Area (in2)
Elevator area (in2)
Horizontal tail volume
Weight of Aerodyne Portion (oz)

38
41
16.94
390
195
NACA 4312
60
8
480
7.5
flat plate
82
82
0.102
flat plate
240
240
2.09
47.9

Flight testing of the Phase Three design proved the design was a success. The
Phase Three design was stable in yaw, pitch and roll directions. The pilot commented
that the Aeroship was easy to control, handled well, and had adequate power for any
maneuver. The Aeroship was also flown at both 70% lift from helium and 60% lift from
helium, by employing ballast. The added weight from ballast caused the Aeroship to fly
faster. The Aeroship had more control at these speeds because the control surfaces had
higher dynamic pressure on them.
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To document the entire design, additional pictures are included of the Phase Three
design. The propulsive unit, motor, gearbox, propeller, and speed controller are shown in
Figure 9. The landing gear and wing section can also be seen.

Figure 9. Detail of Phase Three Front Section

The tail section with stabilator and fully actuated vertical tail can be seen in
Figure I 0, and a closer view shows the servo linkage in Figure 11. The servos used for
actuating the tail were Hitec model HS-65HB servos. These servos were capable of
delivering 24 oz.-in. of torque, while only weighing 0.38 oz.
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Figure 10. Detail of Phase Three Tail Section
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Figure 11. Detail of Horizontal Tail Control Servo and Linkage

A view of the gas envelope and fins from the rear of the Aeroship can be seen in
Figure 12. The fins were constructed of 6 mm thick Depron foam. The total weight of
all three fins was only 4 oz.
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Figure 12. Rear View Phase Three Design

Figure 13 and Figure 14 show the Aeroship in flight. Figure 13 shows the
Aeroship in a turning maneuver. The bank angle of the Aeroship in a tum is quite low
and can be clearly seen in the figure. Figure 14 shows the Aeroship in level flight.
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Figure 13. Aeroship in Turning Flight

Figure 14. Aeroship in Level Flight
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CHAPTER3

COMPUTER SIMULATION OF PERFORMANCE
Various means were used throughout the course of the project in order to predict
the performance of the Aeroship. The most basic of these tools was a program containing
simple aerodynamic equations. The program was designed to take parameters like
weight of components, size of components, lift coefficient of the wing, and buoyancy
force of the gas envelope as inputs, and then output predictions of stall speed, power
required, and takeoff distance. This is the same program that was previously used to help
decide the Phase One design of the Aeroship. Figure15 is a flowchart for the program.
A more comprehensive program than the initial program was needed to simulate
flight and stability of the Aeroship. For this task, RealFlight G4 was used. This software
is commercially available and typically used for training and/or practice of radio
controlled aircraft flight. The program is highly regarded in the modeling world as the
most accurate simulation of radio controlled flight. One of the best features of the
program is the ability to input parameters for a custom model. To comply with some
limitations of the program, a few changes had to be made in the model. The wing was
simulated as a NACA4412 instead of the NACA4312, because the NACA4312 was not
included in the database. The gas enveloped was simulated as a symmetrical wing with
39% thickness in both horizontal and vertical axis. Figure16 shows what was simulated
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in RealFlight G4. The lines in black are what was physically simulated, and the shaded
image is what was used visually, and is independent of the physical simulation.
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Figure 16. RealFlight Rendition of the Aeroship

Real Flight G4 can be quickly reconfigured, and was used to simulate changes in
the Aeroship design before implementing them in reality. This ability was capitalized
upon when sizing fins, and also when deciding on the fore/aft placement of the gas
envelope. Acceptable values of these parameters could have taken days to find through
testing. However, with RealFlight G4, dozens of designs could be qualitatively tested in
a matter of hours.
RealFlight G4 was also employed to predict takeoff, landing, and turning
performance. Since the program only outputs speed and altitude, rigorous tests could not
be performed with it, but the qualitative data it provided proved useful. The program
saved time in this respect, because many "test flights" could be conducted on the
program, and the most promising design features were then implemented onto the actual
Aeroship.
36

A final program to estimate the Aeroship performance was a MatLab program
developed by Dr. T. Liu at Western Michigan University. The program was similar to
the earlier program developed in this research, but it was more comprehensive. It was
able to predict maximum lift to drag ratio, stall speed and many other parameters. Table
5 gives some pertinent values output by Dr. Liu' s program for the Phase Three design.
Table 5. Matlab Program Output
MaximumUD
CL
m's

13.95
2.11
16.41
6.04
15.67
4.27

The stall speed could be predicted from all of the programs used to simulate the
Aeroship. Stall speed was calculated at approximately 4-4.6 mis for all three programs.
Compared with videogrammetry data presented next in this paper, this value is quite
accurate. This is an indicator that, at least for the size of Aeroship in this study, standard
aircraft equations can be added to standard aerostat equations directly to achieve an
accurate estimate of Aeroship performance.
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CHAPTER4

VIDEOGRAMETRIC MEASUREMENTS OF FLIGHT
In order to accurately compare the Aeroship to simulations and verify hypotheses
made about it, quantitative data was needed from the flight testing. There are numerous
ways to take flight testing data; the size of Aeroship used in this research made
videograrnrnetry one of the best choices. The main benefit of videograrnrnetry is that it is
non-intrusive. This means that no sensors had to be added to the Aeroship. This
increases simplicity and keeps weight to a minimum. On the day of testing the Aeroship
had 63% of its total lift corning from aerostatic forces.
The goal of videograrnrnetry is essentially to reverse the process of taking a
photograph. A photograph is a 2-dimensional representation of 3-dimensional space.
Videograrnrnetry seeks to reconstruct the 3-dimensional space from the 2-dimensional
representation. Difficulty arises due taking a 2-dimensional representation of 3dimensional space; data is lost in the process. To fully reconstitute 3-dimensional
coordinates, two images must be used.
Two separate coordinate systems must be discussed to further discuss the
videograrnrnetry process. The 3-dimensional Cartesian coordinates are expressed as
(X,Y,Z). The 2-dimensional image coordinates are expressed as (x,y). It is possible to
distinguish all three dimensions from two, 2-dimensional images. Figure 17 shows a
simplified version of a videograrnrnetry setup. Triangulation is the key to how two, 238

dimensional images can give the 3-dimensional coordinates of a point. Each image
establishes a vector to the point of interest. Taking the vector from each camera, and the
known vector between each camera, a triangle can be found. Analysis of the triangle's
geometry gives the 3-dimensional coordinates of the point of interest. Repeating this
process with many individual video frames is videogrammetry.
Multiple methods have been devised that make videogrammetry a reliable and
relatively inexpensive method for taking 3-dimensional coordinate data. The basis of the
method used in this study can be summed up as triangulation. The two cameras and the
target are the vertices of the triangle. The image from each camera can be used to find
the angle between the line from the camera to the target, and the line from camera to
camera. The process of calibration finds the necessary parameters needed to solve the
system of equations that takes (x,y) coordinates of each image to the (X,Y,Z) coordinates
of the target space.
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Figure 17. Two Camera Videogrammetry Setup

4.1 Calibration
Before using any measurement system, it must be calibrated. Calibration of a
videogrammetry system involves finding interior and exterior orientation parameters of
the camera setup, as well as the lens distortion parameters. Interior parameters are those
parameters which are inherent to the camera. Exterior parameters are those parameters
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which are inherent to the camera placement relative to a global coordinate system. Lens
distortion parameters are those related to the deviation from linearity of the camera lens.
The interior orientation parameters of a camera are its principle distance c and the
photogrammetric principal-point location (Xp , Yp ). The principle distance of a camera is
the focal length of a camera focused at infinity. The principle distance is measured along
a line perpendicular to the image plane from the principle point.
The exterior orientation parameters are Cartesian coordinates of the camera and
the three Eulerian angles that describe its position and orientation. The three Cartesian
coordinates (Xc,Yc,Zc) represent the location of a camera in a pre-defined coordinate
system. The three Eulerian angles (m,cp,K) describe the camera's rotation with respect to
the Cartesian axis (Liu, et al. 2000).
The final set of parameters needed for calibration are the distortion parameters of
the camera, (K1,K2,P1,P2). K, and K2 are radial distortion coefficients and are described
below,
2

r 2 = (x'-xJ + (y'-yJ

2

8r=K,r3 +K2 r 5 +K3 r 7 + ...
8x = K,(x'-xs )r2
8y = K,(y'-yJr2
where, ox,

oy and or represent distortion in x, y and radial direction on the image,

respectively. P 1 and P2 are decentering distortion coefficients and are described below.
8x=P1 (r 2 +2x 2 )+2P2 xy
5y=P2 (r 2 +2y 2 )+2.Pixy
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One other ratio also needs to be determined in the calibration. It is the ratio of pixel
horizontal to vertical spacing, Sh/Sv. With all of these quantities known, accurate lines
can be formulated from each image sensor to the target. In this way, videogrammetry can
find a 3-dimensional coordinate from two, 2-dimensional images.
The process of calibration involves taking images of known data points, and then
finding the coefficients above. For this experiment, ten known points were
photographed. This was achieved with a pole with two targets on it; one was at 1 m. in
height and one was at 2 m. in height. The pole was moved to five known locations in the
target area and photographed. Because the pole has two targets, two known points could
be generated from each position. A level was used to verify the pole was vertical, so that
errors would be minimized. Figure 18 shows the layout of the five locations where the
calibration pole was placed. The absolute coordinate system (X,Y,Z) was arbitrarily set
so that the point "1" was ( 1, 1, 1) at the floor. This was done to help the calibration
program run faster. Post processing later set this point back to (0,0,0) so that the floor at
point "1" would be the origin of the absolute coordinate system. Table 6 contains the
tabulated values of all the calibration points; 'a' points are the bottom target, 'b' targets
are on the top.
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Table 6. Calibration Points

I

Point
Number

X(m) Y(m) Z (m)

la

1

1

2

lb

1

1

3

2a

4.1

1

2

2b

4.1

1

3

3a

8.2

6.4

2

3b

8.2

6.4

3

4a

4.1

6.4

2

4b

4.1

6.4

3

5a

4.1

12.8

2

Sb

4.1

12.8

3

4.1 m
3

4.1 m

!+-----hl--------+-J

2

1

6.4 m

4

6.4 m

5
Figure 18. Calibration Points

After the calibration images were taken with the pole at each position, calibration
was carried out. The calibration used an optimization that iterated the solutions until the
best fit could be found. The coefficients found through calibration are contained in Table
7 and Table 8.
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Table 7. Camera 1 Orientation Parameters
w (deg)

-93.009333

cp (deg)

8.994401

K (deg)

180.081440

X e (in)

432.029880

Ye (in)

1033. 277000

Ze (in)

138.721200
13.316115

c(mm)

xp (mm)
yp (mm)

0.008850

Sh/Sv

0.918018

K 1 (mm"-2)

0.002686

K 2 (mm"-2)

-0.000044

P 1 (mm"-2)

0.000662

P 2 (mm"-2)

0.000297

0.062621

Table 8. Camera 2 Orientation Parameters
co (deg)

-89.576769

cp (deg)

-5.428149

K (deg)

180.149670

X e (in)

54.379599

Ye (in)

1093.570000

Ze (in)

139.348920

c(mm)

13.876016

xp (mm)

-0.023567

yp (mm)

-0.006807

Sh/Sv

0.923449

K 1 (mm"-2)

0.000989

K 2 (mm"-2)

0.000003

P 1 (mm"-2)

0.000048

P 2 (mm"-2)

0.000141
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4.2 Takeoff Performance
The takeoff performance of the Aeroship was hypothesized to be shorter than that
of a similarly sized aerodyne. The quantitative results verified the hypothesis. Figure 19
shows the position of the Aeroship plotted with its vertical velocity during the takeoff
maneuver. The initial data shows a period when the Aeroship seems to be moving
downward. This small motion is most likely an artifact of the Aeroship being near the
edge of the view of the camera. It can be seen from Figure 19 that the takeoff distance for
the Aeroship is approximately three meters.
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Figure 19. Takeoff Position and Rate of Climb
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Figure 20 shows that the total velocity at the time of takeoff was approximately
4.5 mis. This compares favorably with the approximation of 4 - 4.6 mis from computer
simulations. It should be noted that the takeoff data shown here was taken from a
"normal" takeoff. The pilot was able to perform maneuvers similar to a short field
takeoff that visually seemed to use even less space, however no quantitative data was
collected on this maneuver. Further research will need to be conducted to fully explore
the entire range of the takeoff performance of the Aeroship.
2

8

�Position
---B- Speed

1.5

E
N

6

-!!!
E

1

4

-0
Q)
Q)

a.

en

0.5

2

__Jo
�-'---'------'-"=--....L....1.,.______,;:;i.==----'---- - -'----- 2

3
Distance ( m)

4

5
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6

4.3 Landing Performance
The landing performance of the Aeroship was the next maneuver analyzed with
videogrammetry. Figure 21 is a plot of the landing position and landing vertical velocity.
The figure clearly shows that the Aeroship has a rate of descent of about I mis prior to
touchdown. At approximately 3.5 meters, the Aeroship begins to have a positive vertical
velocity. This reflects a harder than normal landing that resulted in a bounce right after
touchdown.
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Figure 21. Landing Position and Rate of Climb
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Figure 22 shows the total velocity during the landing maneuver. The speed
during the maneuver was approximately 3.5 mis until touchdown. This is consistent with
the previous data, because the Aeroship is descending and its speed is less than the
takeoff speed.
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4.4 Pull Up Performance
The pull up maneuver is another common maneuver used to test the performance
of an air-vehicle. The Aeroship was theorized to be able to perform well with the pull up
maneuver despite its slow speed. Figure 23 shows that the Aeroship was able to briefly
attain a climb rate of nearly 3 mis. The test was conducted indoors, and therefore the pull
up maneuver had to be stopped before the Aeroship hit the ceiling. The pilot commented
that there seemed to be no problem holding the max climb rate if there was no ceiling to
hinder it.
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Figure 23. Pull Up Position and Rate of Climb
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Figure 24 shows that during the test, the Aeroship's total velocity started out relatively
slow, and rose sharply to a level of 4.5-4.8 mis. This corresponds to the pilot adding a
large amount of throttle at the beginning of the maneuver.
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Figure 24. Pull Up Position and Speed

4.5 Glide Performance
The Aeroship design is well suited for glide performance. This is because the
aerostatic lift is always present, no matter what the speed. Another benefit of the
Aeroship above aerodynes is with respect to power off situations. The Aeroship's gas
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envelope creates a large drag when the Aeroship is falling. This helps lower the terminal
velocity of the Aeroship in a free fall. Another benefit is that the buoyancy force created
by the gas envelope stabilizes the craft and keeps it upright and nearly level. Figure 25
shows the position of the Aeroship and vertical velocity during a glide. This test was
conducted over 2.6 s and the craft lost approximately 3 m. of altitude. The highest rate of
descent was only 1.5 mis. This would be safe to continue all the way until ground
contact. Figure 26 shows that the total speed averaged approximately 3.5 m/s during the
test.
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Figure 25. Glide Position and Vertical Velocity
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Figure 26. Glide Position and Total Velocity

4.6 Slow Speed Performance
The slow speed behavior of the Aeroship was analyzed in an attempt to find the
actual stall speed. The pilot was instructed to fly as slowly as he could without losing
altitude. Figure 27 shows that the pilot was able to hold nearly a level path, but the
Aeroship did climb a small amount during the test. Figure 28 shows the speed of the
Aeroship during the test, and it can be found from this graph that the Aeroship was flying
around 4 mis during the test. It is a reasonable assumption, based on this data and
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previous data, that the stall speed for the Aeroship is very near to 4 mis. This is further
confirmed in Figure 20, because the craft begins to lift off around the point it reached 4
m/s in speed.
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4.7 Turning Performance
The final aspect analyzed was the turning performance. The pilot was instructed
to fly level turns in both the right and left directions. During the course of the test, the
Aeroship rose no more than 1 m. Figure 29 shows the X and Y position of the Aeroship
during a right tum. A circle of radius 5.2 m. has been superimposed on the data. Figure
29 shows a similar graph for the right tum, but this time the superimposed circle is of
radius 3.6 m. It was noticed during testing that the Aeroship was "sluggish" when
54

turning to the right. This is theorized to be a result of torque from the motor and
propeller.
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Figure 29. Right Turn Position and Projected Turn Circle

Compared to the numerical data by Liu and Liou, the tum radius compares
unfavorably. Using values ofK =0.053, and C 0,0=0.1492 and T=8 N, the minimum tum
radius for this Aeroship should be 0.86 m. This does not necessarily disprove their work,
because this was not guaranteed to be the minimum tum, only the tightest tum the pilot
was comfortable doing. If, however, the tum radius from equation (29) is considered,
setting speed at 4 m/s (near stall), and setting the radius as 4.4 m. (average of the two
tests), the necessary bank angle would then have to be 45°. During the test, it did not
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appear that the Aeroship was at that bank angle. Visually, it appeared to be close to a 200

30 angle at most.
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Figure 30. Left Turn Position and Projected Turn Circle

An explanation for the discrepancy between flight testing and numerical predictions
for turning is the mechanism which drives the tum. Normally, an aerodyne turns using
wing loading and bank angle. The Aeroship, however, turned using the rudder only
because the ailerons were ineffective at the lower airspeed of the Aeroship. Therefore, an
equation for rudder only turning should be utilized.
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CHAPTER 5

RECOMMENDATIONS FOR FUTURE RESEARCH
One of the biggest parts of any experiment is learning from things that did not
work. This project is no exception. Most of the things learned related to yaw stability.
Because of the relatively large gas envelope involved in this design, large surfaces are
needed to balance it. This design utilized a standard tail, and it was found to have a few
disadvantages. When increasing vertical tail size there are two choices: increase chord
and/or span. If span is increased, it, in tum, raises the height offset of the gas envelope
needed in order to make the necessary clearance for the new tail. By doing this, the
effect of the induced dihedral from buoyancy becomes larger. One way to overcome this
obstacle is to utilize a V tail. By choosing an angle that allows the tail to clear the gas
envelope, the tail can theoretically be made to any size. The only foreseeable issue with
this configuration is that when the tail is deflected upwards, it may get large interferences
from being very close to the envelope. This interference may help or hinder control, but
more research is needed to discover the effects.
Another option for improving yaw stability is to alter the shape of the gas
envelope. This experiment utilized a teardrop shaped envelope. If a more symmetrical
shape was used, a cylindrical shape for example, then the center of buoyancy lift could
more closely coincide with the center of pressure of the gas envelope. Because it is
advantageous to have the lift of the gas envelope behind the center of gravity, it will help
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that the center of pressure is also behind the center of gravity. This will then result in
more stability in the yaw direction.
A problem associated with the large gas envelope is larger control forces are
required to move it. Because of the lower airspeeds used in the Aeroship, normal control
surfaces are inefficient. A good way to overcome this is to use two thrust sources, one
located on each wing, which can be controlled independently creating a yaw moment
from the thrust differential. The wash creates another positive side effect; the thrust will
increase the wing lift. Other components such as ailerons and tail surfaces can also
benefit from this wash.
The pitching moment caused by the offset of the thrust line and the large drag line
of the gas envelope is another issue that can be addressed. The basis of the problem is
the volume occupied by the lifting gas is not something that can be further optimized if
helium is the chosen gas. Things that can be done, however, include multiple gas
envelopes, integration of aerostat and aerodyne components (wing shaped gas envelopes),
and moving the engine higher up the airframe. Separating the gas envelopes into two
parts and placing them on the wing tips would provide useful side effects. First, it
succeeds in bringing the drag of the gas envelopes much closer to, if not at, the thrust
line. Second, the gas envelopes could serve similarly to winglets, and improve the
efficiency of the wing. Another way to balance the pitch reaction is to put the center of
lift of the gas envelope behind the overall center of gravity of the Aeroship; this will
impart a nose down pitch. When properly placed, the nose down pitch from this can be
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compensated at cruise by the nose up pitch made from the offset of the drag of the gas
envelope and the thrust of the system.
Over the course of this experiment a large amount of qualitative data was
gathered about the stability of the Aeroship. The most obvious stability issue is yaw
stability. This was a big issue before fins were added to the gas envelope. The most
likely cause of this instability was the difference in position of the buoyancy center and
the aerodynamic center. A numerical simulation found that the center of volume, which
is the center of the buoyancy force, is at approximately 44% chord. Traditionally, it is
accepted that the center of pressure of a symmetrical airfoil is at 25% chord. If we
assume that the gas envelope can be approximated by a rotation of a symmetrical airfoil,
then the difference between the center of pressure and buoyancy center is 19% chord.
For a 7.5 ft. chord, this difference is 17 in. In practice, this means that when the gas
envelope is placed so that the center of lift is slightly behind the center of gravity, then
the center of pressure is well ahead of the center of gravity. This causes a destabilizing
effect on the system. This is why fins had to be added to the system.
Adding fins to the gas envelope stabilized the system in the yaw direction. Three
fins that were each 195 in2 in size were placed at the rear of the envelope. One fin was
vertical from the top, and the other two were placed horizontally from the center of the
envelope. When the rudder is included, the total effect is that of a cruciform
configuration. The combination of the added vertical fin and the rudder create enough
stabilization to bring the craft under control. The horizontal fins added stability in the
pitch direction. Without the horizontal fins, whenever the thrust was increased, the craft
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tended to pitch more upward. This is a result of the thrust line being so far below the
large drag being caused by the gas envelope. The resulting moment from this can be
offset by a lift force from the tail fins. The convenient thing about this arrangement is
that if the correct incidence angle for the tail can be found, then the moment from the tail
lift will compensate the moment created by the drag of the gas envelope. Since both of
the forces are aerodynamic, they will rise and fall in synchronization with the airspeed,
and the craft will always be balanced nearly perfect in pitch.
Another notable lesson learned in this research was that the gas envelope must be
held tightly in place. Early flight tests showed that if the gas envelope was not secured
tightly to the other portions of the Aeroship, oscillations could arise that almost always
ended with loss of control and a crash. The fact that the gas envelope is lifting 60% of
the weight of the craft means that it is inherently one of the largest (second only to the
thrust in some cases) forces in the system. This force needs to be tightly held to keep the
system stable. The research for this work utilized a cable tie-down system. With a little
trial and error, this seemed to work well. The most notable problems were holding
constant yaw and pitch of the gas envelope. The relative location of the gas envelope to
the rest of the airframe is also very important. For research purposes, this location was
made changeable. The cables facilitated this movement with a system of variable length
devices on the cables.
A final recommendation for improvement of the Aeroship design is the use of
hydrogen as the lifting gas. Hydrogen gives approximately double the buoyancy lift than
that of an equal volume of helium. Hydrogen has garnered a poor safety reputation from
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the Hindenburg disaster; however, some potential applications of the Aeroship may be
able to mitigate these concerns. If the Aeroship were to be used for high altitude or other
planet autonomous flight, the risk to humans would be minimal if not zero. In an
extraterrestrial use, hydrogen would provide benefits in the area of packaging the
Aeroship into a compact system, because the gas envelope would not need to be as large
as it would for helium. One of the proposed planets of use for the Aeroship is Mars, and
the Martian atmosphere has a lower density than Earth's. Hydrogen could help to offset
this because it would be able to produce more buoyancy force due to its lower density.
The low oxygen environment of Mars would also help because the hydrogen would not
be able to bum as easily.
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CHAPTER6

CONCLUSION
This project successfully proved that the Aeroship concept is a feasible flight
platform. Testing confirmed that the performance of the Aeroship is acceptable for many
flight regimes including takeoff, landing, pull up maneuvers, and turning. The Aeroship
also exhibits favorable handling characteristics under power off and slow speed
maneuvering. The stability in pitch, roll and yaw of the final design allow for ease of
flying and open this design to personal flight as well as autonomous flight.
Maneuverability of the Aeroship was also proven to be very impressive. The
Aeroship was able to perform takeoff, landing, pull up, glide, left and right tum
maneuvers successfully. The most interesting fact was that all of these maneuvers were
performed below the stall speed of a similarly sized aircraft (approximately 4 mis as
opposed to nearly 7 mis). That being said, the Aeroship not only could fly slower, but
the turns are smaller with less bank angle necessary; this reduces the load on the wing
section and would make wing structures lighter.
This research has proven the Aeroship a viable airframe to consider for many
flight regimes. Its high maneuverability, high efficiency and relatively low speed make it
a perfect platform for personal flight, as well as loitering at high altitude, or flight on
other worlds.
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